Carbon-carbon composites with either pitch+CVI matrix or resin-derived matrix were joined to copper-clad molybdenum using two active braze alloys, Cusil-ABA (1.75% Ti) and Ticusil (4.5% Ti). The brazed joints revealed good interfacial bonding, preferential precipitation of Ti at the composite/braze interface, and a tendency toward de-lamination in resin-derived C-C composite due to its low inter-laminar shear strength. Extensive braze penetration of the inter-fiber channels in the pitch+CVI C-C composites was observed. The relatively low brazing temperatures (<950°C) precluded melting of the clad layer and restricted the redistribution of alloying elements but led to metallurgically sound composite joints. The Knoop microhardness (HK) distribution across the joint interfaces revealed sharp gradients at the Cu-clad-Mo/braze interface and higher hardness in Ticusil (~85-250 HK) than in Cusil-ABA (~50-150 HK). These C-C/Cu-clad-Mo joints with relatively low thermal resistance may be promising for thermal management applications.
Introduction
A number of thermal management applications utilize copper-clad-molybdenum and copper-cladinvar because of their tailorable thermal conductivity and low thermal expansion properties.
However, the high density of these materials (e.g., 9,700 and 8,450 kg.m -3 for Cu-clad-Mo and Cuclad-invar, respectively) has limited their use in lightweight heat rejection systems. In order to reduce the weight without sacrificing the thermal conductivity and thermal expansion benefits, copper-clad-molybdenum has been joined to graphite [1] and more recently, to C-C composites [2] .
Carbon-carbon composites containing high-conductivity carbon fibers provide excellent heat dissipation and low expansion properties at considerably reduced weight. For example, the axial thermal conductivity of high-modulus (HM) and ultra-high modulus (UHM) carbon fibers are ~120-300 W/m.K and ~500-1100 W/m.K, respectively [3] . The thermal conductivity of Cu-clad Mo varies with the clad layer thickness and is in the range 138-235 W/m.K for 0 to 30% Cu layer thickness per side of Mo substrate [4] ; the conductivity at 30% clad layer thickness is comparable to the conductivity of lightweight aluminum (237 W/m.K, density: 2,700 kg.m -3 ), a good thermal conductor, but slightly inferior to the thermal conductivity of the heavier copper (391 W/m.K) with a density of 8,940 kg.m -3 . Acting in combination at a joint, Cu-clad Mo and C-C composite can provide excellent heat dissipation capability at reduced weight compared to the heavier Cu-clad Mo acting in isolation. The coefficient of thermal expansion (CTE) of Cu-clad Mo varies from ∼5.6x10 -6 /K to 11.6x10 -6 /K for 0 to 30% clad layer thickness [4] whereas the CTE of C-C composites is ∼2.0-4.0×10 -6 /K over the temperature range 20-2500 ○ C [3] . Thus, the CTE mismatch between C-C and Cu-clad Mo can be designed to minimize residual stresses during joining and service while still maintaining good thermal conductivity for use in heat rejection systems.
In a recent study [2] , we had brazed resin-derived C-C composites containing T300 C fibers to Cu-clad-Mo using four active brazes: Cu-ABA, Ticuni, Ticusil and Cusin-1 ABA. In the present work, we report the brazing and joint characterization of 3D C-C composites having pitch+CVI carbon matrices to Cu-clad-Mo for heat rejection applications using two Ti-containing Ag-Cu active braze alloys (Ticusil and Cusil-ABA). The alloys Ticusil and Cusil-ABA have thermal conductivity either higher than or comparable to the conductivity of braze alloys used in our earlier study [2] .
The thermal conductivity of Cusil-ABA (180 W/m.K) is better than that of Cu-ABA (38 W/m.K) and Cusin-1 ABA (170 W/m.K) used in our earlier work. In addition, the ductility of Cusil-ABA (42%) is better than the ductility of Cusin-1 ABA (22%) and comparable to Cu-ABA (42%). Both Cusil-ABA and Ticusil are Ti-containing active braze alloys (ABA) that are expected to wet the carbon. In recent publications [5] [6] [7] [8] , we had reported on the use of these and similar brazes to join C-C, monolithic ceramics, and ceramic-matrix composites to various other substrates. Some comments are in order to justify the use of 3D C-C composites with CVD carbon matrices in place of resin-derived matrices used in our earlier work [2] . First, 3D fiber structure overcomes the problems of poor mechanical properties perpendicular to 1D and 2D laminate planes.
Second, complex 3D constructions are possible, including those with yarns oriented on polar coordinates in the radial, axial and circumferential directions (to accommodate hoop stresses in tubular components). Third, the use of CVI to deposit the matrix carbon offers some distinct advantages. In CVI, carbon is directly deposited onto the fiber surface whereas with liquid resin precursors, the carbon is produced in the void between the fibers after a thermal treatment. The resulting volumetric changes lead to porosity and shrinkage cracks in resin-derived carbon matrix when compared to CVI carbon matrix. In addition, because CVI deposits carbon mainly on the fiber surface, it is better suited than precursor-based methods for the production of thin sections which may be needed in thermal management applications. Finally, the thermal conductivity of CVI C-C composites is either comparable to or better than the thermal conductivity of resin-derived composites making the former more suitable for thermal management applications. For example, the thermal conductivity of CVI C-C at about 300°C is ~100-400 W/m.K whereas the conductivity of C-C with pitch-and resin-derived matrices is ~60-140 W/m.K at 300°C [3] . In CVI composites, the conductivity and expansion are determined by the preferred orientation, and their values can approach single crystal graphite values (although these properties depend also on a number of other factors such as the type of matrix carbon, matrix structure -smooth, rough, isotropic, laminar-, fiber architecture, and residual porosity).
In the present study, we investigated the vacuum brazing of CVI 3D C-C composites to Cuclad-Mo using two Ag-Cu brazes: Cusil-ABA (1.75% Ti) and Ticusil (4.5% Ti). The presence of Cu as a cladding on Mo and as an alloying additive in the braze alloys is expected to promote the metallurgical continuity across the joint while providing interfacial ductility to mitigate the CTE mismatch induced stresses. A limited number of runs were made with resin-derived C-C composites to generate comparative base-line data on joining response. The brazed joints were characterized using optical microscopy, field emission scanning electron microscopy (FESEM), energy dispersive spectrometry (EDS), and by microhardness measurements.
Experimental Procedure
The 3-D carbon-carbon composites used in this study were made from P120 carbon fiber and an amorphous CVI carbon matrix, and were obtained from B.F. Goodrich Corp., Santa Fe, CA.
These composite substrates were sectioned along two orthogonal directions to expose fiber plies with different fiber arrangements; thus, two sets of composite samples were used for joining: those with oriented fibers at the exposed C-C surface and those with random (non-oriented) fibers at the exposed surface. Some joints were made of carbon-carbon composites with T-300 fibers and resin- 
Results and Discussion

Braze Spreading and Infiltration
Prior to actual joining, a preliminary screening of braze spreading behavior was undertaken on the two types of C-C composite substrates: P120 C fiber in a CVI-carbon matrix, and T300 fiber in a resin-derived carbon matrix. This was done mainly because wettability data on C-C composite substrates containing different types of carbon fibers and carbon matrices are scarce although there is considerable data in the literature on wettability of Ag-Cu-Ti alloys on monolithic carbon substrates (e.g., vitreous, pyrolytic, diamond). Only a qualitative assessment of the spreading behavior was attempted, and the actual measurements of contact angles were not done. Figure 1 shows the photographs at the conclusion of the solidification of Cusil-ABA and Ticusil braze droplets equilibrated on the substrates at 813ºC and 915 ºC, respectively, after 5 min. contact with the C-C substrates. Both braze alloys displayed good spreading on the C-C substrates, with Ticusil exhibiting a somewhat better surface coverage than Cusil-ABA. This is believed to be due to the higher Ti content of Ticusil (4.5%Ti) than Cusil-ABA (1.75%Ti), which should enhance the reactive wetting. In fact, both pure Ag and Cu make large contact angles, θ, (θ∼137°-140°) [9] on carbon, and both metals have large surface tension, σ lv (σ lv =925 N/m at 960°C for Ag, and σ lv =1330 N/m at 1086°C for Cu [10] ) which indicates that these metals in a pure state do not wet carbon.
Titanium additions to Ag and Cu markedly and rapidly decrease the θ [9,11-13]; for example, θ approaches 0° in 5 min. at 1350°K for Cu containing 9wt%Ti in contact with vitreous C [12] and θ approaches a value of 10° at 1373°K for Cu containing 17.5wt%Ti in contact with porous graphite.
Silver additions to Cu-Ti alloys are known to reduce the surface tension and significantly increase the Ti activity coefficient which aids chemical interaction of carbon with titanium and forms the wettable compound titanium carbide. In the case of silver, just 1wt% Ti in Ag at 1273°K decreases the θ on graphite to 7°. Thus, Ti renders non-wettable pure metals Ag and Cu nearly completely wettable. As a result, spreading and infiltration can continue because the reaction formed carbide is wettable by the molten AgCuTi braze alloys (θ=70° at 1273°K for Ag-28Cu-2Ti melt on TiC [9] ).
The microstructures of the composite/braze interface and braze/Cu-clad-Mo interface in Cu clad
Mo/C-C composite joints are shown in Fig. 2 . Both Cusil-ABA and Ticusil have infiltrated the inter-fiber regions in the 3-D C-C composite. There was no effect of fiber ply orientation at the mating surface on the extent of infiltration. Large-scale counter-gravitational infiltration (with composite on top, and Cu-clad-Mo at the bottom) has occurred during the short brazing time of 5 min. because of good wettability (θ < 90º). Low-magnification optical views suggest that infiltration distance is on the order of several hundred micrometers within the C-C composites. This is significant because the carbide forming reactions did not choke the metal flow or limit the extent of braze infiltration. The TiC reaction layer that forms via the reaction Ti + C TiC is known to be discontinuous with a non-homogenous structure [14] ; this permits extensive infiltration of porous carbon by the melt even in a short time interval of 5 min. This behavior is in contrast to the behavior exhibited by Cu-Cr melts on porous carbon where a dense chromium carbide layer forms and chokes the metal flow, thereby severely limiting the infiltration in spite of excellent wettability [14] . rapidly and completely disappeared into the graphite substrate [15] . Table 6 ). The EDS analyses show that diffusion of Ag, Mo and Ti in the composite matrix is negligible. The braze matrix exhibits a two-phase eutectic structure with Ag-rich light-grey areas (point 3, Fig. 3 ) and Cu-rich dark areas (point 4, Fig. 3 ). In the Ag-Cu-Ti system, intermetallics such as AgTi, Ti 2 Cu 3 , and TiCu 2 may also form.
Our observations of extensive infiltration of
Joint Microstructure and Composition
The Cusil-ABA/Cu-clad-Mo interface ( Fig. 3c ) displays evidence of good wetting and somewhat diffuse interface character. The light-grey (Ag-rich) and dark (Cu-rich) eutectic micro-constituents are distributed within the braze region. The Cu cladding at the braze/Cu-clad-Mo interface appears to be intact because the joining temperature (830ºC) is below the melting point of Cu (1086ºC); however, some chemical dissolution has probably occurred at the Cu-cladding/braze interface. Very small quantities of Mo, Ag and Ti have diffused in the Cu cladding (Tables 3 & 5 ) and these elements did not lower the liquidus temperature sufficiently to cause melting of the cladding; this is evident from a lack of any conceivable sign of solidification microstructure in the clad layer.
Small amounts of Ag and Cu from braze are detected within the C-C composite region (point 1, Fig. 4b ) but no measurable quantity of Mo is noted. The C-C/Cusil-ABA interface is rich in titanium and the Ti concentration decreases rather systematically with increasing distance from the interface (9.2 atom%, 4.2 atom% and 1.8 atom% at points 2, 4 and 5, respectively, in Fig. 4b ).
In C-C/Cu-clad-Mo joints made using Ticusil (Fig. 5 ), a small amount of Cu is detected within the composite region (points 5 and 6, Fig. 5b ). The normal two-phase eutectic structure with a characteristic acicular morphology (Fig. 5b & c) is observed within the braze region. Some carbon has dissolved in the molten braze, possibly because of the higher brazing temperature (915ºC) of Ticusil which led to C diffusion in the eutectic micro-constituents (points 1 and 2, Fig. 5b ). In addition, carbon is detected within the Cu-clad-Mo region (points 3-6, Fig. 5c ). Finally, as stated in a preceding paragraph, oxygen (from the copper oxide scale on Cu-clad-Mo) could also be playing a role. Upon contact with the molten braze, the scale will dissociate and dissolve, yielding an oxygen-rich braze layer. As a result, besides carbides, oxides such as TiO and TiO 2 may also form at the C-C/metal joint because stable oxides of Ti can form at very low oxygen partial pressures. Figure 6 shows joint interfaces between resin-derived C-C composite (C-CAT Composites) and
Cu-clad-Mo made using Ticusil. Microstructurally sound joint interfaces have formed but there is some cracking within the C-C composite (Fig. 6a) presumably due to the low inter-laminar shear strength of C-C composites. Ag-and Cu-rich phases have formed in the braze matrix with the Agrich phase preferentially precipitating onto both C-C surface (point 2, Fig. 6b ) and Cu-clad-Mo surface (point 2, Fig. 6c ). A small amount of Cu is detected within the composite (point 4, Fig. 6b ).
Both C-C/Ticusil and Ticusil/Cu-Mo interfaces in the joint region appear to be defect-free.
In summary, whereas extensive chemical interactions did not occur and optically visible interfacial reaction layers did not form at the C-C/CuAgTi interfaces in joints, some redistribution of chemical species (e.g., carbon dissolution in braze) seems to have occurred. Large titanium concentrations occurred at the C-C/braze interface which indicated that surface modification, presumably a carbide-forming reaction, had promoted the wetting and bonding.
Microhardness
The distribution of Knoop microhardness (HK) across the C-C composite/Cu-clad-Mo joints made using Cusil-ABA and Ticusil is shown in Fig. 7 . Because microhardness tests outcomes are sensitive to the actual measurement path and the distribution of metallurgical phases (e.g., carbides, brittle intermetallics etc), multiple hardness scans across each joint were made to confirm the reproducibility and consistency of the data. The hardness profiles of Fig. 7 show that fiber ply orientation did not affect the HK distribution either within the Cu-clad Mo region or within the braze region. Additionally, there was no effect of the composite type (CVI versus resin-derived) on the HK values recorded within the braze region. The hardness of the molybdenum substrate is ~200-330 HK. The hardness of the braze region depends on braze type; Ticusil (Fig. 7a,b & d ) exhibits a higher hardness (~85-200 HK) than Cusil-ABA (~50-150 HK). This is consistent with the somewhat greater hardening expected in Ticusil (4.5%Ti) than in Cusil-ABA (1.75%Ti), and with the somewhat larger residual stresses expected with Ticusil because of its higher liquidus temperature (T L ~ 920°C) than with Cusil-ABA (T L ~ 815°C). Additionally, residual stresses due to mismatch of coefficients of thermal expansion (CTE) can also rather significantly influence the hardness values.
Residual Stress at the Joint:
Upon cooling the brazed joint from an elevated temperature, tensile and shear stresses are induced that weaken the joint and may cause failure. Large residual stresses arising from a mismatch of CTE can appreciably lower the fracture strength of the ceramic.
For the C-C/Cu-clad-Mo joints, the CTE (α) of Cu-clad Mo is ∼5.6 -11.6x10 -6 /K [4] and the CTE of C-C composites is ∼2.0-4.0×10 -6 /K over 20-2500 ○ C [3] . The CTE mismatch (∆α) between C-C and Cu-clad Mo is, therefore, moderate, and the thermoelastic stresses that develop during brazing and subsequent service may be accommodated without causing joint failure. The CTE of the metallic braze alloys used in our study is very large (18.5×10 -6 /K, Table 1 ) which will give rise to large elastic thermal strain, ∆α∆T (∆α: CTE mismatch, ∆T: temperature interval) at the braze/composite and braze/Cu-clad Mo interfaces. To understand the effect of residual stresses on the integrity of the joint, simultaneous effects of the plasticity of the braze interlayer and the CTE mismatch between the three materials responding to temperature excursions must be considered.
Analytical and numerical models [16] [17] [18] [19] [20] [21] have been developed to determine the residual stresses at joints between dissimilar materials. For example, Eager and coworkers [16] [17] [18] have developed numerical and analytical models of residual stress relief by metal interlayers taking into account the CTE mismatch and interlayer plasticity. Their models permit estimation of the strain energy in the ceramic for well-bonded ceramic-metal joints. For a small CTE mismatch between the ceramic (C) and the metal substrate (M), but with a large CTE mismatch between the ductile interlayer (I) and
the base materials, which is the case with our joints (even though C-C is not a ceramic), the elastic strain energy, U eC , in the ceramic can be approximated by [17] ) 54 . 0 26 . 0 ( . . GPa (Table 1) , ∆T = 887ºC, and σ YI = 292 MPa ( Table 1 ). The CTE values of Cu-clad-Mo (α M ) were obtained as a function of clad layer thickness from the data presented in ref. [4] ; these values vary in the range 5.6×10 -6 /K to 11.6×10 -6 /K for clad layer thickness of 0% to 40% [4] . Using the above properties data, the elastic strain energy, U eC = 152.98 ×10 3 .r 3 where r is the radial distance in meters. The configuration analyzed by Eager et al [17] is a cylindrical disc-shaped joint whereas out joints are rectangular in cross-section (2.54 cm × 1.25 cm). As a first approximation, we take an effective radius of our joints to be the minimum distance to the edge of our samples (0.625 cm).
This yields the elastic strain energy in the C-C/Cu-clad-Mo joints in the range 31-180 mJ, which is roughly of the same order as the U eC (~ 0.5-80 mJ) of a number of ceramic-metal joints [16] [17] [18] .
Considering the fact that the model strictly applies to a cylindrical (disc)-shaped joint configuration and monolithic ceramics rather than anisotropic (non-ceramic) materials such as C-C composites, and the fact that chemical interactions and solute segregation will irrevocably and unpredictably modulate the interphase properties, the calculated strain energy is probably representative of the real situation. The fact that there is a relatively large amount of porosity in the virgin 3D C-C composite and that some of the open porosity near the joint interface gets impregnated with the ductile braze during joint formation suggests that some strain relief will be possible within the composite. The absence of fracture in our CVI C-C composite joints is consistent with this observation.
Thermal Conduction in Brazed Joints:
For heat rejection applications, the thermal resistance of the joined assembly relative to the resistance offered by the individual constituents is important.
For one-dimensional steady-state heat conduction, the joined materials form a series thermal circuit with an effective thermal resistance, R eff , given from R eff = Σ(∆x i /K i ), where ∆x i and K i represent the thickness and the thermal conductivity, respectively, of the i th layer. For the joints created in this work, ∆x C-C = ∆x Cu-Mo = 0.25×10 -2 m, ∆x Braze ~100×10 -6 m, K Ticusil = 219 W/m-K (Table 1) , and K Cusil-ABA = 180 W/m-K ( Table 1 ). The value of the thermal conductivity of Cu-clad-Mo, K Cu-Mo , varies with the clad layer thickness, and is taken from ref. [4] ; K Cu-Mo varies from 138 W/m-K to 235 W/m-K for 0 to 30% clad layer thickness [4] . For C-C composites, K C-C is anisotropic and varies considerably; for example, for 2D and 3D composites, K C-C = 60 and 190 W/m-K [3] perpendicular and parallel to the carbon cloth at 500K, and for 1D composites, K C-C = 300 W/m-K at 500K [3] . Taking the average K C-C to be 125 W/m-K for 2D and 3D composites, the effective thermal resistance of our joint assemblies can be computed for a range of clad layer thicknesses.
The results shown in Fig. 8 indicate that R eff varies in the range 31.5 to 38.5×10 -6 m 2 .K/W, and that there is insignificant (<1%) difference between Ticusil and Cusil-ABA. Because the difference in the R eff of the joints with the two brazes is insignificant, there may be considerable flexibility in selecting brazes to satisfy other criteria such as ductility and wetting characteristics without impairing the thermal conductivity and weight advantages of the joined materials. Similar calculations for the thermal resistance of the joints can be made for 1-D C-C composite joined to Cu-clad-Mo. For 1D C-C composites (K C-C = 300 W/m-K), the effective thermal resistance of the assembly will be 19.9×10 -6 m 2 .K/W, and for a C-C substrate of the same total thickness as the joined assembly (5.1×10 -3 m), the thermal resistance will be 17.0×10 -6 m 2 .K/W, which is only about 18% less than the effective resistance of the assembly. These simplified thermal considerations illustrate the potential benefits of joining C-C to Cu-clad-Mo to create light-weight heat rejection systems.
Conclusions
Carbon-carbon composites with either pitch+CVI matrix or resin-derived matrix were joined to copper-clad molybdenum using two Ti-containing active braze alloys (Cusil-ABA and Ticusil).
Large-scale braze penetration of the inter-fiber spaces in the CVI C-C composites was observed.
The SEM and EDS examination of brazed joints revealed good interfacial bonding in all C-C/Cuclad-Mo joints, some diffusion and redistribution of alloying elements, and preferential segregation of Ti at the composite/braze interface. The distribution of microhardness across the joints was reproducible, consistent with the Ti content in the braze, and indicated sharp gradients at the Cuclad-Mo/braze interface. The metallurgically sound composite joints produced in this work, and the projected benefits of reduced thermal stress and thermal resistance, suggest that C-C composite/Cuclad-Mo joints may be attractive for potential applications in thermal management systems. 
